Human studies show that obesity is associated with vitamin D insufficiency, which contributes to obesity-related disorders. Our aim was to elucidate the regulation of vitamin D during pregnancy and obesity in a nonhuman primate species. We studied lean and obese nonpregnant and pregnant baboons. Plasma 25-hydroxy vitamin D (25-OH-D) and 1␣,25-(OH) 2-D metabolites were analyzed using ELISA. Vitamin D-related gene expression was studied in maternal kidney, liver, subcutaneous fat, and placental tissue using real-time PCR and immunoblotting. Pregnancy was associated with an increase in plasma bioactive vitamin D levels compared with nonpregnant baboons in both lean and obese groups. Pregnant baboons had lower renal 24-hydroxylase CYP24A1 protein and chromatin-bound vitamin D receptor (VDR) than nonpregnant baboons. In contrast, pregnancy upregulated the expression of CYP24A1 and VDR in subcutaneous adipose tissue. Obesity decreased vitamin D status in pregnant baboons (162 Ϯ 17 vs. 235 Ϯ 28 nM for 25-OH-D, 671 Ϯ 12 vs. 710 Ϯ 10 pM for 1␣,25-(OH) 2-D; obese vs. lean pregnant baboons, P Ͻ 0.05). Lower vitamin D status correlated with decreased maternal renal expression of the vitamin D transporter cubulin and the 1␣hydroxylase CYP27B1. Maternal obesity also induced placental downregulation of the transporter megalin (LRP2), CYP27B1, the 25-hydroxylase CYP2J2, and VDR. We conclude that baboons represent a novel species to evaluate vitamin D regulation. Both pregnancy and obesity altered vitamin D status. Obesity-induced downregulation of vitamin D transport and bioactivation genes are novel mechanisms of obesity-induced vitamin D regulation.
INTRODUCTION
Obesity is an important risk factor for multiple diseases across the lifespan (3, 8, 20, 24, 28, 48) . Maternal obesity in pregnancy has been associated with multiple obstetric diseases, including gestational diabetes, gestational hypertension, recurrent miscarriage, stillbirth, congenital birth defects, and macrosomia (24, 28) . Furthermore, there are multiple data showing lifelong programming by maternal obesity of offspring childhood diseases such as asthma and adult diseases such as metabolic syndrome, diabetes mellitus type II, and cardiovas-cular diseases (3, 5, 6, 10, 20, 48) . The mechanisms by which maternal obesity affects the health of the offspring have not been fully elucidated and are the goal of multiple research efforts (14, 33, 38, 40, 42, 48, 51, 52) . The vitamin D system is a potential pathway by which obesity impacts health. Human studies have shown a consistent link between obesity and vitamin D deficiency, defined as circulating levels of the stable precursor 25-hydroxy vitamin D (25-OH-D) of Ͻ50 nM (37, 41, 44) . Vitamin D supplementation studies have shown potentially beneficial effects of this micronutrient on insulin sensitivity and oral glucose tolerance in adult human obese populations (23, 45, 47) . However, mechanisms by which obesity alters the vitamin D system, especially during pregnancy, remain ill-defined (23, 31, 41, 45, 47) . Vitamin D has well-established classic effects on bone metabolism and mineral homeostasis in addition to effects on immune, pulmonary, and cardiovascular systems (4, 7, 15, 34) . In reproduction, vitamin D deficiency is also highly prevalent worldwide and has been associated with a similar set of obstetric complications as obesity, with the exception of macrosomia and birth defects (43, 49) . In addition, vitamin D deficiency is associated with intrauterine growth restriction, which can also be present in obese pregnancies (10) . Furthermore, in utero vitamin D deficiency, similar to maternal obesity, is linked to the development of long-term complications in the offspring such as asthma, obesity, and cardiometabolic disease (25, 26, 50) . Human studies have clearly shown that maternal obesity is associated with maternal and fetal vitamin D decreased status (16, 17, 30) , but further research is needed to understand obesity-mediated effects on the maternal-fetal vitamin D system as well as the effect of vitamin D supplementation on obese pregnancies' outcomes.
Vitamin D status and metabolism change significantly during mammalian pregnancy (9, 13, 21, 35) . Maternal circulating levels of active 1␣,25-(OH) 2 -D increase severalfold from early pregnancy and remain high during the entire pregnancies in humans, sheep, and rats (9, 11, 12) . However, 25-OH-D and ionized calcium levels remain similar to prepregnancy levels. The physiological and molecular mechanisms responsible for pregnancy-specific vitamin D regulation remain incompletely characterized. Our previous studies using rat models of vitamin D sufficiency and insufficiency have led us to hypothesize that adequate vitamin D status during pregnancy is achieved by an uncoupling of the vitamin D receptor (VDR) upregulation of CYP24A1 (24-hydroxylase that inactivates vitamin D). In healthy rodent pregnancies, increased activation of vitamin D to 1␣,25-(OH) 2 -D is achieved by CYP27B1 (1␣-hydroxylase, the activating enzyme) and is not followed by increased VDRdependent upregulation of CYP24A1 because renal expression of VDR is decreased (12) . In this manner, pregnancy allows for stable increases in circulating levels of bioactive vitamin D. We have found a similar mechanism of vitamin D regulation in pregnant ewes (11) . Therefore, the aims of this study were to investigate the role of pregnancy and obesity on vitamin D status and vitamin D-related gene expression in baboons. We hypothesized that both pregnancy and obesity independently alter vitamin D status in an important nonhuman primate experimental species.
MATERIALS AND METHODS

Animals and Dietary Interventions
Baboons (Papio spp.) were maintained in an outdoor social group environment with food and water given ad libitum. Nonpregnant female nulliparous baboons of similar characteristics were randomly assigned to a control diet or a high-fat/high-energy diet Ն4 mo prepregnancy and throughout the entire pregnancy. The control diet consisted of Purina Monkey Diet delivering 12% energy from fat, 0.29% from glucose, and 0.32% from fructose with an energy content of 3.07 kcal/g. The high-fat diet consisted of Purina Monkey Diet combined with lard to provide 45% energy from fat, 4.6% from glucose, 5.6% from fructose, and 2.3% from sucrose with an energy content of 4.03 kcal/g; high fructose beverages were also available ad libitum to the high-fat diet group. Both diets contained 6.6 IU of vitamin D/g diet and equal amounts of protein, essential minerals, and other vitamins. The weight of each baboon was obtained as it crossed an electronic scale system each morning on the way to being fed (27, 32) . Control and obese animals were selected based on their diet regime and weight gain before breeding. Pregnant animals (6 control, 5 obese) were studied at 163-165 days gestation (0.9 gestation; term ϭ 185 days gestation). We also studied nonpregnant control (n ϭ 5) and obese (n ϭ 5) female baboons with matching ages. All procedures were approved by the Institutional Animal Care and Use Committee of the Southwest National Primate Research Center and conducted in Association for Assessment and Accreditation of Laboratory Animal Care International-accredited facilities.
Cesarean Section, Blood, and Tissue Processing
Maternal femoral vein blood samples were collected after 12 h of fasting, following tranquilization with ketamine, and immediately before cesarean section under general anesthesia, as previously described (27, 32) . Blood samples were drawn into lithium heparinized vacutainer tubes (Becton-Dickinson). Umbilical cord vein blood was collected during general anesthesia. Then the fetus was euthanized by exsanguination while under general anesthesia, the placenta was removed, and samples from the central placenta that spanned the maternal to fetal sides were collected and snap-frozen. In addition, kidney cortex, liver, and subcutaneous adipose tissue samples from pregnant baboons and age-matched nonpregnant female baboons were also obtained under generalized anesthesia, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for later analysis.
ELISA Analysis of Vitamin D Metabolites, PTH, FGF23, Calcium, and Phosphate in Plasma Samples
Plasma levels of 25-OH-D and 1␣,25-(OH) 2-D were analyzed using commercially available EIA kits that determine total (bound and free) levels of vitamin D metabolites (Immunodiagnostic Systems, Scottsdale, AZ). We have previously validated these ELISA kits by liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) analysis (12) . Plasma levels of total calcium and phosphorus were assayed using colorimetric kits (Abcam, San Francisco, CA). Commercially available kits to detect intact parathyroid hormone (iPTH; Elabscience Biotechnology, Houston, TX) and fibroblast growth factor 23 (FGF23; MyBiosource, San Diego, CA) from Macaca species proteins were used. Normal plasma values reported for nonpregnant women range from 50 to 200 nM of 25-OH-D, 50 -195 pM 1␣,25-(OH) 2-D, 8.5-11.8 mg/dl of total calcium, 10 -88 pg/ml iPTH, and 3-4.5 mg/dLlphosphorus (4, 7, 21, 34) .
Quantitative Real-Time PCR
RNA isolation, RT reaction, and real-time PCR were performed as previously described (11, 12) . Exon spanning primers were designed using Ensembl genome browser sequences for olive baboons (Table  1) . PCR conditions and products were confirmed by obtaining a single PCR product with the correct sequence. Negative controls were included in each run. Samples were analyzed on the CFX Connect system (Bio-Rad, Hercules, CA) using the QuantiTect SYBR green kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Gene expression was determined for ␤-actin (ACTB), vitamin D receptor (VDR), 24-hydroxylase (CYP24A1), 1␣-hydroxylase (CYP27B1), 25-hydroxylases CYP2R1 and CYP2J2, megalin (LRP2), cubulin (CUBN), and vitamin D-binding protein (GC). Quantitative analysis was performed with the aid of standard curves, as previously described (11, 12) . Data are reported as pg mRNA divided by nanograms of the housekeeping gene ACTB.
SDS-PAGE and Immunoblotting
Snap-frozen placentas, kidney cortex, and subcutaneous adipose tissue samples (50 mg) were homogenized in RIPA buffer (20 mM Tris·HCl, pH ϭ 7.4, 0.05% SDS, 0.5% deoxycholate, 1% NP-40, 1 mM EDTA, and 20% glycerol) containing fresh Halt protease and phosphatase inhibitors (Thermofisher, Pittsburgh, PA), sonicated for 3 min at low frequency, and centrifuged at 10,000 rpm ϫ 10 min at 4°C. To determine the levels of nuclear and chromatin-bound VDR, we performed subcellular fractionations using a kit (Pierce; Thermofisher). Protein lysates were then analyzed by Western immune blotting, as previously described (11, 12) . Briefly, the protein samples were heat denatured in Laemmli buffer, separated on sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE), and transferred to polyvinylidene fluoride membranes. Membranes were blocked in 5% nonfat dried milk in 0.05% Tris-buffered saline (TBST) for 1 h and then probed in primary antibody overnight at 4°C. The following antibodies were used: monoclonal anti-VDR, rabbit polyclonal anti-VDR (C20), anti-CYP24A1 (H87), and anti-CYP27b1 (H90) (Santa Cruz Laboratory, Santa Cruz, CA) at 1:200 dilution, monoclonal anti-LRP2 (MABS489) and rabbit anti-CUBN (ABS1070) (Millipore Sigma, Burlington, MA) at 1:1000 dilution, monoclonal TATA-binding protein (TBP; Ab818, Abcam, Cambridge, MA) at 1:1000 dilution, and monoclonal anti-␤-actin (AC-15, Sigma Aldrich, St. Louis, MO) at 1:5,000 dilution. All of the antibodies were diluted in blocking buffer containing 5% nonfat dry milk in TBST. After three 10-min washes with TBST, the membranes were incubated with corresponding secondary antibodies diluted at 1:2,000. Bound antibodies were visualized using the chemiluminescence substrate (Pierce; ThermoFisher). Digital images were captured using the Alpha Innotech ChemiImager Imaging System and quantified using the Alpha Innotech ChemiImager 4400 software (Cell Biosciences, Santa Clara, CA). Relative LRP2, CUBN, CYP24A1, and CYP27B1 protein expression were calculated with respect to ACTB; relative VDR expression was estimated with respect to TBP levels. To compare band densitometries 
Statistical Analysis
All data are presented as means Ϯ SE. We used univariate analysis to determine the differences for each variable using SPSS 22.0 software (IBM, Armonk, NY). Equal variance was determined by Levene's test. Two-way ANOVA was used to determine the significance of two independent factors (obesity and pregnancy; obesity and fetal sex), and Student's t-test was used when obesity was the only independent factor (for placental gene expression studies) on the measured variable. To determine specific differences between each of the four groups, we used one-way ANOVA using a compositeindependent factor, followed by least significant difference post hoc analysis. Statistical significance was determined as P Ͻ 0.05.
RESULTS
Diet-Induced Obesity During Pregnancy Leads to Decreased Vitamin D Status
We first studied vitamin D status in age-matched nonpregnant and pregnant baboons that were either lean or obese. The study group parameters are shown in Table 2 . Both nonpregnant and pregnant baboons exposed to a high-fat diet had significantly higher weights than their control groups ( Table 2) . We analyzed vitamin D status by measuring the stable precursor 25-OH-D and the bioactive metabolite 1␣,25-(OH) 2 -D. Intact parathyroid hormone (iPTH), fibroblast growth factor 23 (FGF23), total calcium, and phosphate levels were also analyzed because they cross-talk with the vitamin D system (4, 7, 15, 19, 21, 34) .
Effect of pregnancy. Pregnancy did not alter the levels of 25-OH-D ( Fig. 1A) but induced a significant increase in the circulating levels of the bioactive metabolite 1␣,25-(OH) 2 -D in both control and obese cohorts (28 and 18% increases over nonpregnancy values in controls and obese cohorts respectively; Fig. 1B ). Pregnancy significantly decreased total calcium levels, especially in pregnant obese compared with nonpregnant obese adults (Fig. 1C ). Pregnancy increased iPTH levels ( Fig. 1D ) but had no effect on plasma FGF23 and phosphate levels ( in the pregnant cohorts, although there was a trend toward decreasing vitamin D status in nonpregnant baboons (Fig. 1, A  and B) . Obesity resulted in a significant 31% decrease in the stable precursor 25-OH-D plasma levels (162 Ϯ 17 nM in obese pregnant compared with 235 Ϯ 28 nM in control pregnant baboons, Fig. 1A) . Obesity also induced a small but significant decrease in the circulating levels of bioactive vitamin D (671 Ϯ 12 pM in obese pregnant vs. 710 Ϯ 10 pM in control pregnant baboons, P Ͻ 0.05; Fig. 1B ). Obesity did not did not alter total calcium, iPTH, FGF23, or phosphate levels (Fig. 1, C-F) . Similar to the effect on adult vitamin D status, obesity also decreased 25-OH-D levels in the fetal circulation in both males and females (Fig. 1G ) without affecting total calcium levels ( Fig. 1H ).
Effects of Pregnancy and Obesity on Renal Vitamin D-related Gene Expression
The kidney is the main regulator of vitamin D status in the adult, having the highest levels of expression of vitamin D-related genes (2, 22) . These include the vitamin D transporters megalin (LRP2) and cubulin (CUBN), which uptake the 25-OH-D metabolite bound to the vitamin D binding protein (GC gene) and the vitamin D activating enzyme CYP27B1. The kidney also shows the highest expression of the vitamin D-catabolizing enzyme CYP24A1 and the vitamin D receptor (VDR). Similar to other mammal species, the baboon's renal cortex had a Ͼ1,000-fold higher expression of LRP2 and CUBN than other organs such as liver, subcutaneous fat, and placenta ( Figs. 2A, 3A, 4A, and 5A ). There were no significant differences in megalin mRNA or protein levels between the four baboon groups (Fig. 2, A and E) .
Effect of pregnancy. Pregnancy increased renal CUBN protein but not mRNA levels (Fig. 2, A and E) . Pregnancy did not induce the expression of renal CYP27B1 but significantly downregulated the expression of CYP24A1 protein (Fig. 2, B and F). Renal VDR mRNA levels were similar between pregnant and nonpregnant subjects (Fig. 2C) ; however, there was significantly less chromatin-bound VDR in the pregnant co-horts compared with their corresponding nonpregnant cohorts (Fig. 2G) .
Effect of obesity. Obesity had no effect on renal expression of LRP2 (Fig. 2, A and E) . Pregnant obese baboons had significantly lower renal expression of cubulin mRNA and protein than pregnant lean baboons (Fig. 2, A and E) . Similarly, CYP27B1 protein, but not its mRNA, was significantly downregulated in obese pregnant compared with lean pregnant baboons (Fig. 2, B and F) . Obese pregnant baboons had significantly higher CYP24A1 mRNA levels compared with lean pregnant baboons ( Fig. 2B ) but similar CYP24A1 protein levels (Fig. 2F) . Obesity had no effect on renal VDR mRNA or protein expression (Fig. 2, C and G) . Finally, renal CYP2R1 mRNA was significantly lower in obese pregnant compared with lean pregnant baboons, whereas there were no differences in the expression of CYP2J2 (Fig. 2D ).
Effects of Pregnancy and Obesity on Liver Vitamin D-Related Gene Expression
The liver is known to be the main producer of vitamin D binding protein (VDBP; i.e., GC) and 25-hydroxylases CYP2R1 and CYP2J2, and thereby it has an important role in the homeostasis of circulating levels of 25-OH-D (4, 7, 34). In baboons, the liver also showed the highest expression of 25-hydroxylases compared with kidney, fat, and placenta (compare Fig. 3B with Figs 2D, 4D, and 5D) and abundant levels of GC mRNA (Fig. 3D) . In contrast, expression of vitamin D transporters LRP2 and CUBN was Ͼ1,000-fold lower in liver than in the renal cortex ( Fig. 3A vs. Fig. 2A ). In addition, hepatic CYP27B1, CYP24A1, and VDR mRNA expression were more than 100-fold lower than renal mRNA levels (Fig. 2, B and C vs. Fig. 3, C and D) .
Effect of pregnancy. Pregnancy upregulated the expression of both megalin and cubulin, but only in lean baboons (Fig.  3A) . Pregnancy had no effect on the liver expression of 25hydroxylases CYP2R1 and CYP2J2, with the exception of a significant decrease in CYP2J2 expression in obese pregnant baboons compared with obese nonpregnant baboons (Fig. 3B ). 
E67 VITAMIN D REGULATION IN OBESE PREGNANT BABOONS
Pregnancy did not alter the hepatic expression of CYP27B1, CYP24A1, VDR, or GC (Fig. 3, C and D) .
Effect of obesity. Obesity did not alter the hepatic expression of the vitamin D-related genes studied. Obese pregnant baboons showed similar levels of vitamin D transporters LRP2 and CUBN as the nonpregnant subjects, whereas these genes were upregulated in pregnant control baboons. This resulted in a significantly lower expression of LRP2 and CUBN in obese pregnant baboons compared with their pregnant lean counterparts (Fig. 3A) .
Effects of Pregnancy and Obesity on Subcutaneous Adipose Tissue Vitamin D-Related Gene Expression
Expression of vitamin D transporters megalin and cubulin were not different between groups (Fig. 4, A and E) . Megalin protein expression was too low to quantify. Pregnancy and obesity did not affect the adipose tissue levels of CYP2R1 and CYP2J2 (Fig. 4D) or the chromatin-bound VDR protein levels (Fig. 4G) between the four baboon groups.
Effect of pregnancy. Pregnancy induced upregulation in subcutaneous fat expression of CYP24A1 mRNA but not of CYP24A1 protein (Fig. 4, B and F) . Pregnancy induced the expression of VDR (both mRNA and protein), but only in control animals; obese pregnant baboons showed higher VDR mRNA but lower nuclear protein levels (Fig. 4, C and G) .
Effect of obesity. Diet-induced obesity was associated with a lower expression of the 1␣-hydroxylase CYP27B1, especially in pregnant animals (Fig. 4, B and F) . Obesity also decreased the levels of CYP24A1 and VDR protein (in nuclear extracts) in pregnant baboons but not in nonpregnant baboons (Fig. 4, F  and G) .
Effects of Obesity on Placental Vitamin D-Related Gene Expression
The placenta is also important in regulating both maternal and fetal vitamin D status and is known to express all vitamin D-related genes (9,13.35). Placentas from obese pregnancies were characterized by lower LRP2 (Fig. 5A) , lower CYP27B1 Fig. 5B ), lower VDR (Fig. 5, C and G) , and lower CYP2J2 (Fig. 5D ) mRNA levels compared with placentas from lean pregnancies. VDR nuclear protein levels (both free and chromatin bound) were lower in placentas from obese compared with lean pregnancies (Fig. 5G ). The expression of placental cubulin was too low to quantify. Of interest is that the vitamin D catabolic enzyme CYP24A1 was not downregulated together with other vitamin D-related genes in placentas from obese pregnancies (Fig. 5, B and F) . Therefore, the CYP27B1/ CYP24A1 ratio decreased in obese compared with control pregnancies. The cumulative effect of these changes is that maternal obesity results in repression of the placental vitamin D system.
DISCUSSION
The findings on vitamin D status, transport, and metabolism presented here reveal novel aspects of regulation of the vitamin D system by pregnancy and obesity (Fig. 6 ). In this study, we found that nonpregnant adult baboons have more than twofold higher plasma levels of vitamin D metabolites than nonpregnant women with sufficient vitamin D status [ϳ200 vs. ϳ70 nmol/l for 25-OH-D; and ϳ500 vs. ϳ100 pmol/l for 1␣,25-(OH) 2 -D]. A previous study using radioimmunoassay found similar circulating levels of vitamin D metabolites in baboons (39) . Furthermore, studies using the gold standard technique of LC-MS/MS in nonhuman primates found similar vitamin D status in other Old World primate species like Rhesus macaques (53) . Therefore, the vitamin D status data presented in this study are in accord with data from other nonhuman primate studies, strengthening the validity of our data.
Role of Pregnancy on the Vitamin D System
It is well known that healthy mammalian pregnancy is associated with increases in the local and systemic levels of bioactive vitamin D [1␣, 25-(OH) 2 -D] without increases in the stable precursor 25-OH-D (9, 15) . Potential mechanisms include increased maternal renal expression of CYP27B1 and decreased renal and placental expression of CYP24A1 (13, 22) . In humans and rats, the circulating levels of bioactive vitamin D increase more than twofold within early gestation (9, 13) . Baboons also showed a significant increase in circulating levels of bioactive vitamin D, although it was only 28% higher than age-matched nonpregnant female baboons (Fig. 6 ). In contrast with other animal models of pregnancy like the rat and the sheep, pregnancy did not increase renal expression of CYP27B1, and placental expression of CYP27B1 was significantly lower than those observed in other species (11, 12, 19) . However, similar to other mammalian species, there was sig- . Therefore, we have confirmed once more that mammalian pregnancy is characterized by an uncoupling between elevations of bioactive vitamin D and VDR-dependent transcriptional activation of CYP24A1 expression. Renal CYP24A1 mRNA/protein decreases correlated with lower VDR-chromatin interactions in pregnancy. CYP24A1 uncoupling from high vitamin D status was also observed in placental tissue that showed higher expression of CYP27B1 than CYP24A1. In contrast, the classical VDR/CYP24A1 coupling was observed in maternal subcutaneous adipose tissue, where pregnancy-induced increases in vitamin D status correlated with upregulation of VDR and CYP24A1. This highly suggests that CYP24A1/vitamin D status uncoupling is tissue dependent and likely contributes to the increased vitamin D status that occurs in healthy pregnancy (Fig. 6 ). Therefore, tissue-dependent regulation of VDR protein expression and function is likely to be key in determining vitamin D status, as shown in VDR-null mice (2) .
Role of Obesity on the Adult Vitamin D System
We have shown that diet-induced obesity is associated with significant reductions in vitamin D status and dysregulation of vitamin D-relevant gene expression in maternal and fetal tissues ( Fig. 6 ). It is interesting that nonpregnant obese baboons were less sensitive to obesity-mediated decreases in vitamin D status, as this suggests that obesity and pregnancy interact in altering the vitamin D system. It is well established that obesity causes vitamin D deficiency in humans (37, 41) . Multiple meta-analysis studies have shown that obesity is a risk factor for the development of vitamin D deficiency in humans, and reduction of body mass index (BMI) is associated with an improvement in vitamin D status (23, 46) . However, many questions remain, such as the mechanisms of obesity-induced dysregulation of vitamin D, the role of vitamin D deficiency in the development of obesity-related disorders, and the role of vitamin D supplementation in the prevention of obesity-related disorders.
Diet-induced obesity in baboons resulted in significant vitamin D-related gene dysregulation. In the adult kidney, obesity induced downregulation of CUBN mRNA and protein. This is of great significance, as CUBN Ϫ/Ϫ null mice have significant vitamin D deficiency due to decreased uptake of 25-OH-D bound to VDBP (18) . CUBN is also the main transporter of vitamin B12; therefore, vitamin B12 deficiency is also observed in CUBN Ϫ/Ϫ null mice (18) . Therefore, CUBN downregulation could be sufficient to explain the observed decreases in circulating vitamin D and vitamin B12 levels observed in obese baboons (this study and Ref. 52) . Of importance is that vitamin B12 deficiency has also been observed in humans that are obese or have cardiometabolic syndrome (1) . Vitamin B12 is a key micronutrient involved in one-carbon metabolism and the methyl-tetrahydrofolate pathway. To our knowledge, this is the first report of the effects of obesity on vitamin D transporters. Similar studies on human tissues are needed to define the significance of diet-induced regulation of vitamin D transporters. One human study showed that obese humans had lower CYP2J2 mRNA expression in subcutaneous adipose tissue (46) , leading to the hypothesis that obesity alters the expression of 25-hydroxylases. Interestingly, the 25-hydroxylases CYP2R1 and CYP2J2 were not altered by obesity in adult baboon adipose tissue, but hepatic CYP2J2 expression was lower in obese pregnant baboons compared with nonpregnant obese baboons, indicating again that this 25-hydroxylase is regulated by obesity and pregnancy. In addition to decreased vitamin D transporter expression, obese pregnant baboons demonstrated renal and subcutaneous fat downregulation of CYP27B1 compared with the lean pregnant baboon group, which could account for the decreased levels of bioactive vitamin D observed in obese pregnant baboons. Similarly, CYP27B1 downregulation has been shown in subcutaneous adipose tissue of obese versus nonobese adult humans (46) . 
Role of Obesity on the Fetal and Placental Vitamin D System
Multiple animal studies have shown detrimental effects of maternal obesity on placental and fetal development in addition to long-term consequences to offspring health, but fewer studies have addressed potential mechanisms (27, 29, 32, 40) . In this study, we found that maternal obesity significantly depresses the vitamin D system in fetal circulation and placental tissue. Obesity induced significant downregulation of placental vitamin D transporter LRP2 that can lead to decreased transport of other nutrients, including lipoproteins, sterols, vitaminbinding proteins, and hormones. A key finding in this study was decreased chromatin-bound VDR protein in placentas of obese pregnancies, which was uncoupled from CYP24A1 expression compared with lean pregnancies. Furthermore, maternal obesity downregulated placental CYP2J2 and CYP27B1 expression that can further contribute to suboptimal vitamin D status. Altogether, these data suggest that the fetuses of obese pregnancies are likely to also show decreased vitamin D status. In humans, maternal obesity is associated with fetal vitamin D insufficiency (7, 18, 28, 36) , but the role of vitamin D in obesity-mediated effects on the health of human offspring remains unknown. Therefore, future studies on the role of vitamin D status reduction in obesity-induced fetal disorders and programming of adult disease are warranted.
Conclusion
The current study has some limitations, including the use of ELISA instead of LC-MS/MS to estimate vitamin D status, a relatively small number of animals per group, and the unavailability of baboon-specific antibodies and ELISAs to analyze some key molecules like the VDBP. On the other hand, this study showed multiple strengths, including the similarities between human and baboon pregnancy in terms of obesity effects on the vitamin D status (Fig. 6 ). Other mammal models of obesity have not shown decreased vitamin D status, and some obesity models even showed improved vitamin D status (36, 51) . Another strength of this study is the comprehensive analysis of vitamin D status in both adult and fetal subjects and the multi-organ analysis of vitamin D-related gene expression that have identified potential novel mechanisms of vitamin D regulation in both maternal and placental tissues (Fig. 6 ). For instance, obesity-induced reduction of maternal vitamin D status is likely associated with both decreased vitamin D transport and bioactivation due to CUBN, CYP2J2, and CYP27B1 downregulation. Decreased vitamin D status in pregnant obese baboons then leads to decreased activation of VDR protein and interaction with chromatin. Future studies using chromatin immunoprecipitation of VDR or ChIP-seq will be helpful in understanding the effect of obesity on VDR target genes. In addition, epigenetic studies on specific vitamin D-related methylation-sensitive genes such as CYP24A1 in key tissues are warranted. Finally, the role of vitamin D insufficiency in obesity-related disorders can be determined in baboons by diet supplementation or depletion of vitamin D followed by detailed studies on well-characterized maternal and fetal obesity-induced phenotypes. Altogether, our findings show that the obese pregnant baboon is an excellent model for translational studies to determine mechanisms of obesity-induced vitamin D dysregulation and potential benefit of vitamin D supplementation in improving vitamin D status and health outcomes in human pregnancy.
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